ABSTRACT
Ni releases on par with U and proportionately smaller trolled primarily by iron-oxide phases, whereas U availability is domiquantities of Cr, Cu, Zn, and Pb, among others (Looney nated by naturally occurring organic carbon. Discrete mineral phases Pickett et al., 1987; Pickett, 1990) . These were also identified as nonlabile reservoirs of anthropogenic metals.
wastes were primarily comprised of dissolved metal ions,
In spite of comparably high sediment concentrations, Ni appears to be acids (nitric, phosphoric, and sulfuric), sodium hydroxsignificantly more available than U in riparian sediments and therefore ide, and sodium nitrate . However, warrants greater consideration in terms of environmental conseit is likely that effluents associated with metallurgical quences (i.e., transport, biological uptake, and toxicity).
processes (cutting, etching, plating, cleaning, and recovery) also entrained some solid phases, including precipitates of U (sodium uranate, hydrogen uranyl phosphate, T he discharge of metallurgical process wastewaand uranium oxide) and Ni (nickel hydroxide), as well ter has led to extensive contamination of ground as metallic fines. water and riparian sediments in the vicinity of M-Area
Severe erosion of upland soils accompanying wasteon the U.S. Department of Energy's Savannah River water discharges resulted in the covering of sandy Site (SRS) (Pickett, 1990; Evans et al., 1992 ; Arnett et stream sediments with metal-contaminated strata enal., 1995) . The SRS is an 800-km 2 (310-mi 2 ) former nuriched in clay and silt. It is believed that sequestration clear weapons production facility situated in the Upper by settling sediments captured most of the dissolved Atlantic Coastal Plain of South Carolina along the Sametals released to Tims Branch in a few key depositional vannah River near Aiken, SC (Fig. 1) . In 1954, manufacareas along a 5-km stretch of the riparian corridor. An turing of aluminum-clad nuclear reactor targets began estimated 70% of U released may reside in Steed Pond, in M-Area, and some associated aluminum forming and an abandoned farm pond predating the SRS, which exmetal plating wastes were directly discharged via sewer ists today as a wetland following the failure of its spilloutfall into Tims Branch, a small second-order stream way structure in 1984 (Fig. 1 inset; Pickett, 1990 ; Evans that drains the upland region around M-Area into the et al., 1992). Savannah River via Upper Three Runs Creek. A fracTransport of U and Ni out of the Tims Branch system tion of effluents was diverted to the M-Area Settling during stream base flow is not a concern, as routine Basin (MASB) beginning in 1958, and subsequent water sampling has found dissolved metal concentrachanges in waste management practices eventually elimtions at or below background levels (Hayes and Ouzts, inated direct discharges to Tims Branch in 1982. The 1986), and any measurable concentrations would be MASB was taken out of service in 1985 and capped in greatly diluted on mixing with Upper Three Runs Creek. 1989 following consolidation and stabilization of conHowever, Batson et al. (1996) reported a 15-to 28-fold taminated soils and sludges (Arnett et al., 1992) .
increase in U transport out of the Tims Branch system during storm events due to sediment erosion. Batson et lization of U, Ni, and other metals in Steed Pond sediments, Arey et al. (1999) and Seaman et al. (2001 Seaman et al. ( ) real. (1996 also demonstrated via sequential extractions that the chemical lability of U in suspended sediments ported a strong influence of organic carbon on metal solubility, as well as the key roles secondary iron and decreased over the course of a storm event as higher flows mobilized larger particles, indicating that the availaluminum minerals play in the redistribution of U and Ni following apatite addition. Recently, Punshon et al. ability of U (and possibly other metals) depends on sediment texture (i.e., greatest availability in the clay (2003) observed that Ni uptake in the tissues of plants and small mammals sampled in Steed Pond exceeded fraction). In subsequent studies on in situ chemical stabithat of U by two to four orders of magnitude in leaves cost-effective remediation option (Bowman et al., 1993;  Cr 730 Brigmon et al., 1998; Travis and Rosenberg, 1997 and wide range of geochemical conditions, which pro-
Hg 12
mote the biodegradation of organics and the biotransOrganics formation of metals (Bradley et al., 1998 (Bradley et al., , 1999 ; GamTetrachloroethylene 84 000 brell, 1994; Gilliam, 1994; Reddy and Gale, 1994;  Trichloroethylene 15 000 1,1,1-Trichloroethane 1 000
scanning calorimetry (DSC) on a TA Instruments DSC 921S transport and biological effects (i.e., exposure, uptake, were also used for confirmation of some mineral phases, inand toxicity), it is especially important to understand cluding goethite and gibbsite (Jackson, 1979; Tan et al., 1986) .
the link between solid-phase partitioning and aqueous- 
MATERIALS AND METHODS
water and reagent-grade chemicals. All samples for analysis were filtered with 0.22-m MSI Cameo nylon 25-mm syringe
Sediment Collection
filters (Osmonics, Minnetonka, MN) and acidified (pH Ͻ 2) Bulk quantities of contaminated sediments (SP1B1, SP1B2, with ultrapure HNO 3 for metal analysis or refrigerated (4ЊC) SP2B1, and SP5B1) were collected from areas within the Steed for DOC measurements. Sediment pH was measured in 1:2 Pond basin exhibiting the greatest ␥ activity from Pa-234m, a sediment-distilled, deionized water suspensions using a glass decay daughter of U-238 (Cember, 1996) . Sediments SP1B1 junction combination electrode with calomel reference (Accuand SP1B2 were collected from the same location (SP1) adjamet Model 13-620-286; Fisher Scientific, Pittsburgh, PA). Catcent to Tims Branch at approximately 0-to 5-and 5-to 10-cm ion exchange capacity (CEC) was calculated as the sum of depths, respectively, and were distinguished based on visible major cations released following equilibration with 0.1 M stratification resulting from differences in SOC content. SediBaCl 2 (Rhoades, 1982) . One-way analysis of variance (ANments SP2B1 and SP5B1 were collected from separate loca-OVA) and linear regressions were performed using ORIGIN tions further away from the stream channel at 0-to 5-cm Version 7.0 (OriginLab, 2002) . depths. Since the clay-and silt-enriched sediments of Steed Pond are atypical of riparian sediments on the SRS, a clayey
Sequential and Nonsequential Extractions
reference soil (TB00) was collected in the upland headwaters of Tims Branch, upstream from the confluence of the M-Area A sequential extraction method based on the protocol of sewer discharge (Fig. 1) . This region was previously found to Miller et al. (1986) was employed to examine the distribution be uncontaminated by A/M Area activities based on U and of metals in sediments; the method is summarized in Table 2 Th sediment concentrations (Evans et al., 1992) . All sediments (Batson, 1994; Batson et al., 1996) . Approximately 0.75 g of were collected as grab samples, sealed in polyethylene bags, air-dried sediment was contacted with 30 mL of each reagent and stored on ice while in the field. Sediments were sieved (15 mL for citrate-dithionite reagent) in sequence and shaken (Ͻ2 mm) and refrigerated (4ЊC) in field-moist condition.
at 90 cycles per minute for prescribed conditions, centrifuged Maintenance of in situ redox conditions was not attempted at 10 000 rpm for 30 min, filtered, and acidified for dissolved in this investigation; accordingly, the sediments examined in metal analysis. Residual metals in sediments were measured this work should be considered as oxidizing, a conservative following microwave digestion of 0.2-to 0.3-g subsamples in endpoint for evaluating uranium availability and toxicity.
10 mL 48% HF-1 mL aqua regia (HF). A 20-mL 0.025 M Ca(NO 3 ) 2 wash step was applied between extractions and dis-
Sediment Characterization and Analytical Methods
carded. The manganese-oxide extractant step employing hydroxylamine-HCl (HA; NH 2 OH-HCl) was eventually elimiThe micropipet method of Miller and Miller (1987) was used nated from the protocol based on previous results (Batson et to size-fractionate sediments for USDA texture classification. al., 1996 classification. al., , Arey et al., 1999 Seaman et al., 2001 ) and this work Separate water-dispersible clay and silt fractions for character-(see below). ization were obtained via centrifugation to minimize alteration Reagents from the sequential extraction protocol targeting of metal distributions and destruction of sediment aggregates iron-oxide phases, that is, ammonium oxalate in the dark (AO) that can accompany chemical pretreatment, chemical disperand citrate-dithionite (CD) steps (Table 2) , were also applied sion, and sonication (Batson, 1994) . Sediment mineralogy was individually to evaluate the distribution of contaminant metals characterized using X-ray powder diffractometry (XRD) on in relation to noncrystalline and crystalline iron-oxide coatings an X2 automated diffraction system (Cu K␣ radiation source that dominate the surface chemistry of SRS soils and sedioperating at Ϫ45 kV and 40 mA; solid state detector; Scintag, ments. To obtain volumes sufficient for analyses, porewater Cupertino, CA) along with standard thermal and chemical chemistry was approximated in 1:1 sediment-water extractions pretreatment methods (Whittig and Allardice, 1986 samples were submitted for metal and DOC analyses, as dements varies seasonally and with depth. Typical redox scribed above. Unless otherwise noted, all extractions, sequenpotential (Eh) values measured in shallow riparian seditial and nonsequential, were performed in triplicate in 50-mL ments ranged from Ϫ100 to ϩ600 mV (Bertsch, unpub- polycarbonate centrifuge tubes.
lished data, 1995). However, in spite of the dynamic redox environment expected in seasonal wetlands and RESULTS riparian systems, previous spectroscopic characterizations of Tims Branch sediments found U predominately All sediments, SP1B1, SP1B2, SP2B1, SP5B1, and (Ն80%) as the hexavalent uranyl (UO 2ϩ 2 ) species (Bertsch TB00, were acidic in nature (pH 5.0-5.6), varied in SOC et al., 1994; Hunter and Bertsch, 1998) . Moreover, previfrom 12.7 to 82.2 g kg
Ϫ1
, had relatively low cation exous and ongoing studies suggest that a significant fracchange capacity (Table 3) , and exhibited typical minertion of U in these sediments is not subject to reduction alogy for SRS surface soils and sediments (Table 4) .
to the tetravalent state via microbial or abiotic processes Similar sediment textures were measured for SP1B1 and (Bertsch et al., 1994; Coughlin et al., 2000; Duff et al., SP1B2 (i.e ., silty clay loam) and for SP2B1 and SP5B1 2000a), contrary to results from other U-contaminated (i.e., clay). Nickel and uranium concentrations in Steed soils, sediments, and laboratory systems (Duff et al., Pond sediments were elevated two to three orders of , 2000b Frederickson et al., 2000) . magnitude above background, ranging from 400 to 1200 mg kg Ϫ1 for Ni and 500 to 2500 mg kg Ϫ1 for U. The highest concentrations were found closest to the
Uranium and Nickel Concentrations in Whole stream (i.e., SP1 samples). Background concentrations

Sediments and Size Fractions
for Ni and U for sediments from an upland clay-rich soil, Total U and Ni concentrations were compared for characteristic of the clay-and silt-enriched sediments whole sediments, the sand fractions, and water-dispersiwithin Steed Pond, were 26.2 Ϯ 1.2 and 8.15 Ϯ 0.85 mg ble silt and clay fractions from Steed Pond with similar kg
Ϫ1
, respectively (TB00, Figure 3a is
Fe was detectable in EDX spectra. a typical SEM image of the sediment clay-sized fraction A second prominent feature was the frequent occurin which both iron-coated (region "Fe") and uncoated rence of large aggregates (Ͼ50 m) of clay-sized parti-(region "k") kaolinite particles were visible. As excles observed in water-dispersible silt fractions (Fig. 3b) . pected, Al also appeared to substitute in Fe coatings,
The aggregate pictured is a mixture of kaolinite, Tialthough distinguishing Al in coatings via EDX was bearing Fe nodules, and some Ti-and Zr-rich particles that appear bright in backscattered electron images (anatase and zircon, respectively). Numerous SEM-EDX observations revealed the partitioning of Ni, Cu, Zn, Cr, and Pb in precipitates or possible metallic forms that were morphologically and compositionally distinct from naturally occurring sediment minerals. Nickel was the most frequently encountered metal in these discrete forms, although Cu and Zn were also common. Figure  3c is an example of a Ni-rich secondary mineral with localized regions also enriched in Cu, possibly representing either source term artifacts that have survived decades of weathering or their secondary weathering products. No discrete U-bearing phases were observed using SEM-EDX; however, heterogeneous distributions of U were commonly observed via spatially resolved synchrotron X-ray fluorescence (Sowder, unpublished data, 2002) .
Water-Soluble Metal Ions
Concentrations of metal ions in water extracts were measured after 14-d equilibrations of sediments with distilled, deionized water at 22ЊC in a 1:1 g mL Ϫ1 sediment to solution ratio (Table 5 ). The long equilibration time and high sediment to solution ratio were intended to estimate metal concentrations in porewater immedi- centrations due to dilution effects. ), but increases in dissolved Ni concentrations were not 0.38; p ϭ 0.03) and U (R 2 ϭ 0.48; p ϭ 0.01). Aqueous U concentrations were highly correlated to DOC (R 2 ϭ correlated with increasing DOC levels (R 2 ϭ 0.04; p ϭ 0.53). While high for natural waters, these concentratracted in the very labile fractions, that is, water-soluble tions represent a small fraction of the total U and Ni (DW) ϩ exchangeable (CN). A 5 to 7% shift from the inventories present in sediments.
AA-to PP-extractable U occurred for increasing SOC. Only 6% of U in Steed Pond sediments was extracted by the iron-oxide reagents (AO ϩ CD fraction).
Iron-Oxide Extractions
In contrast to U, Ni was distributed across all operaNonsequential iron-oxide extractions were used to tionally defined lability classes (Fig. 6b) . The largest estimate the chemical lability of Fe and associated maconcentration appeared in the noncrystalline iron-oxide trix metals in the sediments. Apparent Fe lability was (AO) fraction (29-42%), and Ni in combined iron-oxide greater in Steed Pond sediments (SP1B1, SP1B2, SP2B1, fractions (AO ϩ CD) represented up to half of its total and SP5B1) relative to the uncontaminated upland soil inventory in sediments (38-49%). A substantial amount (TB00) as the ratio of AO-to CD-extractable iron inof Ni was also found in the very labile CN fraction creased from 0.10 for the upland site to between 0.47 (4-15%). Nickel extraction in the less labile and nonlato 0.63 for Steed Pond (Fig. 4) . Results for Ti mirrored bile fractions was more variable than for U. Fe trends, with an AO to CD ratio increase from 0.17
Iron was extracted chiefly in the moderate to nonlafor the upland soil to between 0.58 to 0.71 for Steed Pond bile fractions (Fig. 6c) , including PP (8-32%), AO (Fig. 4a) . Changes in Mn lability were less apparent; AO (5-15%), CD (30-67%), and HF (17-26%). Manganese to CD ratios of 0.65 versus 0.73 to 0.84 were observed was distributed over all fractions (Fig. 6d) , including the for the upland and Steed Pond samples, respectively most labile fractions DW (Ͻ1-3%) and CN (10-49%). (Fig. 4a) . Results for Al were unique among the matrix Aluminum lability and partitioning trends fell between elements examined (Fig. 4b) ; these AO to CD ratios those of Fe (less labile) and Mn (more labile) with a 7 exceeded 1.00 for all four contaminated Steed Pond sedto 10% distribution in the moderately labile AA fraction iments. (Fig. 6e) . A substantial nonlabile fraction of Al was also observed (40-64% in HF fraction) and was consistent
Sequential Extractions
with its role as matrix component of aluminosilicate Sequential extractions of sediments were performed minerals. Cumulative extractions of Al were generally to provide information on the chemical lability and parmuch lower than other elements analyzed, that is, only titioning of sediment-bound U and Ni using two versions 33 to 48% of total Al was recovered (Table 6) . of the Miller protocol on SP1B1 (Fig. 5) : one incorporatSequential extraction results for the uncontaminated ing and one excluding the HA extraction step intended reference soil (TB00) were very different from those to selectively dissolve manganese oxides and associated for Steed Pond sediments (unpublished data, 2002). Nattrace metals (Table 2) . The large inventory of U forurally occurring Ni appeared almost exclusively in the merly liberated in the HA step (49%) was captured residual (HF) fraction (89%). Naturally occurring U entirely in the pyrophosphate (PP) extraction for organwas also distributed predominately in the residual (HF) ics (i.e., 78% for PP without HA vs. 80% for the comfraction (53%); however, a major fraction of backbined HA ϩ PP steps) with little or no carryover to ground U was also found in the moderately labile (AA ϩ subsequent extraction stages (Fig. 5a) . Omission of the PP) fractions (36%). HA step lead to the redistribution of that fraction's Ni (8%) into the AO, CD, and HF fractions (Fig. 5b) .
DISCUSSION
Sequential extraction results (HA extraction step omitted) for U and Ni as well as matrix elements of
Sequential Extraction Application and Artifacts
interests (i.e., Fe, Mn, and Al) for the four Steed Pond
The low cost and simplicity of chemical extractions as sediments are presented in Fig. 6 and Table 6 . Uranium measures of chemical lability and partitioning of heavy (Fig. 6a) was predominately distributed in the modermetals and radionuclides have led to their widespread ately labile fractions: acid-soluble (AA) ϩ PP reagents application in research (Clark et al., 1996) . Sequential (93%); the organically bound fraction was particularly dominant (70-78%). Less than 1% of total U was exextractions employ increasingly aggressive extractants to selectively dissolve, desorb, or otherwise remove anaprofile (Fig. 6d) . Qiang et al. (1994) questioned the effectiveness of the HA reagent hydroxylamine hydrolytes from target mineral phases or assemblages. The limitations of these methods for metal speciation are chloride as a Mn-specific extractant in the presence of organic coatings. Accordingly, the incorporation of a widely recognized (e.g., Kheboian and Bauer, 1987; Nirel and Morel, 1990; Rapin et al., 1986; Tipping et separate Mn extraction step was determined to be counterproductive for the comparison of elemental paral., 1985) . The specificity of extractants is often questionable, and readsorption and redistribution of contamtitioning in Steed Pond sediments. In the absence of the HA step, U was simply extracted inant metals following each extraction step are important concerns. Hunter and Bertsch (1998) reported the by the next reagent, PP (Fig. 5a) . Consequently, the HA step appeared to serve as a second, nonspecific, redistribution of U and changes in its speciation in spectroscopic observations over the course of sequential exand more aggressive acid extraction for U, and the HA to CD extraction interval appeared much less specific tractions performed on contaminated SRS sediments. The application of sequential extraction data for quantifor U versus other elements, including Ni. The nonspecificity of some extractants for U is understandable given tative prediction of biological endpoints, such as plant uptake, has been problematic (Hinton et al., 1998) .
that the method was originally developed for other metals such as Fe, Mn, and Cu (Miller et al., 1986) , and However, in spite of these limitations, sequential extractions are useful for indirectly probing the association of the aqueous geochemistry of U is dramatically different from that of the transition elements and other heavy metals with mineral phases, comparing chemical lability of metals in soils and sediments, and indicating the pometals (Amonette et al., 1994; Langmuir, 1997) . Especially important is the high solubility of U(VI) under tential for biological uptake of heavy metals and radionuclides.
alkaline conditions due to the formation of stable aqueous carbonate complexes. Accordingly, the high pH of A modified version of a standard method (Miller et al., 1986) was selected based on its applicability to ironthe PP extractant (pH 10) may render it more aggressive and less selective for U than intended. The extraction rich soils and previous use for SRS soils and sediments (Arey et al., 1999; Batson, 1994; Batson et al., 1996;  of 26% of naturally occurring U from the low organic, uncontaminated reference soil (TB00) by PP is consis- Clark et al., 1996; Seaman et al., 2001) . High extraction efficiency for U in SRS soils and sediments using HA tent with this nonspecific behavior. Elimination of the HA step resulted in a more comhas been observed, raising the concern that this behavior may mask differences in U partitioning. Consequently, plex distribution of Ni into the AO, CD, and residual HF fractions, bypassing the PP fraction. This pattern following the evaluation of the Miller method with and without the HA extraction, the step was eliminated.
suggests a specific Ni association with some HA-extractable phase, as both AO and CD reagents will extract This modification can be justified on the basis of sitespecific soil-sediment mineralogy. The relative propor-HA-fraction metals (Means et al., 1978) . The omission of the HA step and the application of a transition metaltion of Mn in the sediments is minor compared with Fe (Table 3) . Furthermore, Mn does not occur in identifioriented sequential extraction method for U represent important compromises. However, these compromises able separate phases in SRS soils and sediments (Clark et al., 1996) . It is found instead as a constituent of ironare offset by the convenience and utility of employing the same protocol for comparing the partitioning of U oxide coatings as indicated in SEM-EDX inspection of sediment particle surfaces (e.g., Fig. 3 ) and in association and Ni among several sediments. The issue of scale is important when interpreting rewith soil organic matter as indicated in increased lability for Mn in the high SOC sediment sequential extraction sults from any extraction method for the purpose of Table 6 . Error bars are one standard deviation (n ϭ 3) for non-HA sequential extraction. Legend applies to both graphs.
estimating and comparing the partitioning and availability of metals. While it is tempting to dismiss a relatively small fractional recovery as insignificant, concentrations of U and Ni in sediments on the order of 100 to 1000 mg kg Ϫ1 can translate extracted fractions of a few percent into significant porewater concentrations. Accordingly, the extraction of Ni in the DW fraction (Ͻ1-2%) for Steed Pond sediments has important implications for transport, bioavailability, and toxicity, as demonstrated in 1:1 sediment-water equilibrations (Table 5) .
Role of Iron Oxides
Soils and sediments of SRS are characterized by ubiquitous ferrihydrite and goethite coatings on soil mineral surfaces (Bertsch and Seaman, 1999) . Colloidal Fe minerals have also been identified as important mobile phases in ground and surface waters (Seaman et al., 1997; Bertsch and Seaman, 1999) . The importance of iron oxides in controlling trace element mobility in the environment is extensively documented (Bruemmer et Evans, 1989; Jenne, 1968; Means et al., 1978;  U, (b ) Ni, (c ) Fe, (d ) Mn, and (e ) Al. Sequential extractions were Sposito, 1989; Stumm and Morgan, 1981) . In a previous performed without hydroxylamine-HCl (HA) step. Data columns study of Steed Pond sediments, Bertsch et al. (1994) within each sequential extraction fraction are presented by increasing sediment organic carbon content (i.e., SP2B1, SP1B2, SP1B1, found approximately 75% of U in the sand fraction and SP5B1). Cumulative metal concentrations extracted are preassociated with Fe-and Mn-rich regions, and correlation sented in Table 6 . Error bars are one relative standard deviation of Ni with Fe was also strong.
(n ϭ 3). Legend applies to all graphs.
In this study, an estimate of sediment iron-oxide crystallinity was obtained by comparing Fe lability in nonse- quential extractions using the AO and CD reagents for drying cycles, and other phenomena have been reported in many studies (Ainsworth et al., 1994; Bell et al., 1991 ; noncrystalline and total extractable Fe, respectively. Upland SRS soils, the source of the clay and silt present Ford et al., 1997 Ford et al., , 1999a Rigol et al., 1999; Schultz et al., 1987) . in the shallow sediments of the Tims Branch system, exhibited less than 10% "amorphous" or poorly crystalElemental properties, such as ionic radii and surface binding constants, also influence aging behavior (Ainsline iron oxides (Fig. 4a) . The contaminated sediments, in contrast, had 50 to 60% of the total Fe in noncrystalworth et al., 1994; Ford et al., 1997 Ford et al., , 1999a . The crystalline radius of Ni 2ϩ (0.069 nm) is comparable with other line form. This is expected for wetland and riparian sediments, in which seasonal variations in redox condiions such as Mn 4ϩ (0.060 nm) and Ti 4ϩ (0.068 nm) that commonly substitute for Fe 3ϩ (0.064 nm) in iron-oxide tions lead to dissolution and reprecipitation of iron oxides with substantial substitution by structurally compatstructures (Weast et al., 1983) . Consequently, substitution of Ni into mineral coatings of sediments is favored ible metals such as Al, Ti, and Mn (Gambrell, 1994) . The SEM-EDX analyses of Fe-rich mineral surfaces and explains the observed association of Ni in noncrystalline and crystalline iron-oxide target fractions (i.e., revealed a large fraction of iron-oxide coatings substituted with these elements (Fig. 3a) . Of these three met-AO ϩ CD). Uranium (VI) is a larger ion, both as a free cation (0.080 nm) (Weast et al., 1983) and as the linear als, Ti lability closely mirrored that of Fe in AO vs. CD extractions while Mn lability remained relatively uranyl dioxo-cation UO 2 2ϩ (Burns et al., 1996) . Accordingly, U is not expected to substitute into iron-oxide constant. The correlation between Fe and Ti lability is consistent with the prominence of Ti in most iron-oxide matrices to the same degree as Ni, although recent studies have indicated some incorporation of U(VI) into coatings. X-ray diffraction, TGA, and previous SRS soil characterization (Arey et al., 1999; Batson, 1994;  Batson iron oxides in a uranate-like coordination environment (Coughlin et al., ). et al., 1996 Ruhe and Matney, 1980; Seaman et al., 2001) indicate that goethite is the dominant crystalline Iron-oxide coatings can also affect the distribution of heavy metals as a function of particle size. It is comiron-oxide mineral. However, appreciable amounts of colloidal and noncrystalline iron oxides should also be monly assumed that the clay fraction in soils and sediments exerts a disproportional influence on metal bindpresent in the Steed Pond sediments given favorable conditions for Fe dissolution and reprecipitation and ing due to the presence of negatively charged, highly reactive mineral surfaces with large specific surface arbased on experimental data from sequential and nonsequential extractions. Extensive removal of Fe, Ti, and eas (Sposito, 1984) . However, coating of larger, less reactive phases by iron oxides and the formation of Mn coatings during AO treatments supports the importance of noncrystalline iron oxides.
aggregates via cementation of smaller particles (e.g., Fig. 3b ) can lead to significant departures from expected The AO-CD and sequential extractions suggested that more Al was available than accounted for in iron trends (Bertsch and Seaman, 1999) . Iron oxides have also been proposed as reactive surface sites preconcenoxides. This pattern may represent the influence of noncrystalline aluminosilicates, which often control Al 3ϩ trating dissolved uranium to form uranyl mineral precipitates under solution conditions far below thermodysolubility in acidic soils (McBride, 1994) . Cumulative releases of Al to Tims Branch are unknown; however, namic solubility limits (Murakami et al., 1997; Sato et al., 1997) . it is likely that quantities were substantial given the prominent role of Al in M-Area processes (Pickett et Surface precipitation of transition metals on clay mineral surfaces has been proposed as an important process al., 1987) . This anthropogenic Al may also explain the high lability of Al observed in contaminated sediments.
resulting in long-term stabilization of heavy metals in soils. Surface precipitation of mixed Al-transition metal Overall, the dissolution-precipitation of iron oxides represents an important aging mechanism for decreasphases has been demonstrated for many clay mineral systems including Ni on hydroxy interlayered vermicuing the lability of contaminant metals over time as they become structurally incorporated or occluded over lite (HIV)-kaolinite (Roberts et al., 1999) and pyrophyllite (Ford et al., 1999b; Scheidegger et al., 1996a Scheidegger et al., ,b, 1998 ; many dissolution-precipitation cycles. Consequently, the dynamics of iron oxides and other surface coatings Ni, Cu, Zn, and Cd on montmorillonite (Lothenbach et al., 1997) ; and Co on kaolinite (Thompson et al., 1999a) . may explain, in part, the effect of aging on metal lability in Tims Branch and Steed Pond sediments. Changes in
The proposed mechanism involves the release of structural Al followed by the formation of hydrotalcite-like the reversibility of metal sorption on iron oxides with time, elevated temperatures, pH changes, wetting and minerals (Bertsch et al., 1989; Ford et al., 1999b; Roberts et al., 1999; Thompson et al., 1999b) . The abundance cementation has been observed in estuarine and marine sediments as the result of drying treatment artifacts of Al in the Steed Pond system, both as a matrix constituent of aluminosilicates and as an anthropogenic con- (Krumgalz, 1989) and natural processes (Hamilton, 1989) , leading to concentration of metal contaminants taminant, suggests a similar process may contribute to the stabilization of Ni and other compatible heavy metin larger size fractions. While the importance of organics for immobilizing als in these contaminated sediments. metals in soils and sediments and mobilizing metals in solution is widely recognized, the convoluted interaction
Role of Organic Carbon
of organic carbon with other key controls such as Fe The influence of organic carbon in sediments, poreand Mn geochemistry makes it difficult to separate the waters, and the water column on the partitioning and effects of one from another. Moreover, increasing moavailability of heavy metals is as important as it is combility and solubility accompanying organic complexplex (Evans, 1989; Gambrell, 1994; Sobolewski, 1999) .
ation of metals does not automatically translate into Wetland and riparian environments are characterized increasing bioavailability or toxicity. To the contrary, by high organic carbon concentrations in the form of organic complexation of metals often decreases toxicity animal and plant detritus and humic and fulvic acids. (Campbell, 1995) . Increasing sorption of metal-organic In sediments, organic matter can have significant effect complexes to soil mineral surfaces with decreasing pH on the environmental mobility and bioavailability of also occurs (Davis et al., 1993) and complicates overall metals due to the formation of soluble aqueous comsorption patterns. plexes, stationary coatings on soil mineral surfaces, aggregates, and mobile colloidal phases.
Source Term Effects
The importance of dissolved organic matter (i.e., huResearch on heavy metal-amended sludges has mic and fulvic acids) in the geochemical cycling of metals shown that the nature of the contaminant source term in the surface waters of the southeastern USA is well can have significant influences on heavy metal mobility established (Alberts and Giesy, 1983; Alberts et al., and bioavailability in agricultural soils (Bell et al., 1991; 1984) . Giesy et al. (1986) identified humic and fulvic Korcak and Fanning, 1985; Kuo et al., 1985) . Source acids as the principal ligands for UO 2ϩ 2 in southeastern term effects have also been observed at many industrial streams and rivers, with approximately 25% of U ocand defense sites. For example, characterization of concurring as a humic-fulvic complex and more than 40% taminated soils at sites associated with the production as the free ion. For Steed Pond sediments, the solubility and testing of nuclear weapons showed that uranium of U and Ni in water extracts generally increased with and plutonium occur in a wide array of physical and SOC (Table 5) , and aqueous U concentrations were chemical forms intimately linked to source terms and dishighly correlated with DOC. Nickel concentrations, in charge histories (Bertsch et al., 1994 ; Bondietti and Tacontrast, were poorly correlated with DOC. This trend mura, 1980; Buck et al., 1995 Buck et al., , 1996 Morris et al., 1996 ; suggests other geochemical factors, in addition to or- Morse and Choppin, 1991; Tamura, 1976) . ganic carbon, influence the Ni partitioning in Steed Pond
In Steed Pond sediments, discrete secondary phases sediments, consistent with the apparent role of iron oxwere observed in many sediment samples, size fractions, ides and refractory forms indicated in sequential exand sequential extraction stages. Many of these phases tractions.
incorporated Ni along with other anthropogenic metals Sequential extraction results for the similarly textured (i.e., Cu, Cr, and Zn) (Fig. 3c) and were refractory. low-and high-organic sediments, SP2B1 and SP5B1, These distinct phases may represent artifacts of the inirespectively, revealed opposite trends for U and Ni as tial source term or secondary source terms (i.e., precipia function of SOC (Fig. 6) . Increasing SOC resulted in tates or metallic forms) that survived intact or were a 5 to 7% shift of U from the AA fraction to the less altered in the environment. Such forms potentially exlabile PP fraction. Nickel exhibited an overall enhanceplain the distribution of Ni in the less-and non-available ment of its lability, as seen in increases in the CN and fractions of sequential extractions and the poor or vari-PP fractions at the expense of the less labile iron oxide able recovery of anthropogenic metals in some sequen-(AO ϩ CD) and residual (HF) fractions.
tial extractions. Partitioning of heavy metals in discrete Metal analyses for whole sediments and water-dissecondary phases represents a refractory inventory in persible clay, silt, and sand fractions point to the organic sediments that must be considered when interpreting cementation of smaller particles, as do frequent SEM sequential extraction data and drawing conclusions reobservations of sediment aggregates (Fig. 3b) . The disgarding a contaminant's mobility and bioavailability in tribution of U and Ni in the low organic SP2B1 (Fig. 2) the environment. reflects the expected trend in metal loadings for each fraction, that is, [M] 
CONCLUSIONS
increasing surface area with decreasing particle sizes and greater reactivity of clay minerals results in greater Substantial differences in the partitioning and chemispecific sorptive capacity for metals (Sposito, 1984) .
cal lability of U and Ni were observed in contaminated However, increased SOC in the similarly textured sediments from a riparian-wetland environment on the SP5B1 appears to counteract this trend. The formation SRS. In spite of comparable sediment loadings, Ni was much more available than U, exceeding U concentraof large aggregates of finer particles by organic matter tions in sediment-water extracts by two orders of magniscribe the effects of metals on biological communities and ecosystems. Real progress in understanding the entude or more. Sequential extractions revealed that U was predominately distributed in the moderately labile vironmental fate and consequences of metals and radionuclides follows the integration of geochemistry, acid-extractable and organically bound fractions. Nickel, in contrast, was distributed across all fractions including biology, and ecological research in addressing the complexity of chemically and biologically driven processes substantial amounts in the very labile water-soluble and exchangeable fractions, as well as in the refractory residin natural systems. Consequently, continuing studies are also focused on establishing clear links between chemiual fraction. Such distinctions are critical for understanding the potential for environmental transport and cal speciation, bioavailability, and biological endpoints such as toxicity and trophic transfer at micro-and macbiological uptake, and this information is in turn required for evaluating ecological and human risk, tairoscopic scales. loring remediation methods, and implementing prudent environmental management strategies. quential extractions far exceeded that for U. On the other hand, U recovery in organically bound fractions REFERENCES dominated its distribution in Steed Pond sediments, and
